Bromo-and iodomethanes and the corresponding halogenated methyl radicals have been investigated by ab initio methods. Geometries and vibrational frequencies were derived with quadratic configuration interaction methods at the QCISD/6-311G(d,p) level of theory, and energies via QCISD(T)/6-311+G(3df,2p). Core electrons were represented with relativistic effective potentials. Anharmonicity of the out-of-plane bending modes in the methyl radicals was taken into account by numerical integration of the Schrödinger equation with potentials derived from relaxed scans of these modes. The results are in good accord with experimental data where available. Thermochemistry derived via isodesmic reactions referenced to CH 3 , CH 4 , and monohalomethanes yields excellent accord with new experiments on dihalomethanes and provides recommendations for the more poorly characterized tri-and tetrahalomethanes and halomethyl radicals. For the methanes CH 2 Br 2 , CHBr 3 , CBr 4 , CH 2 I 2 , CHI 3 , CI 4 , CH 2 BrI, CHBr 2 I, and CHBrI 2 we compute ∆ f H°2 98 values of 4.3, 51.6, 110.6, 108.1, 208.5, 321.3, 56.8, 104.8, and 157.1 kJ mol -1 , respectively. For the methyl radicals CH 2 Br, CHBr 2 , CBr 3 , CH 2 I, CHI 2 , CI 3 , CHBrI, CBr 2 I, and CBrI 2 we compute ∆ f H°2 98 values of 166.6, 191.7, 224.0, 217.2, 290.4, 369.1, 241.6, 320.8, and 272.3 kJ mol -1 , respectively. Recommended confidence limits are (3 kJ mol -1 per Br or I atom. Trends in these values and the corresponding C-H bond strengths are discussed and compared with prior experiments, empirical estimation schemes, and ab initio calculations.
I. Introduction
Halogenated methanes are an important class of halogen compounds which are used to modify flames and which enter the atmosphere from natural and man-made sources. Their degradation via thermal decomposition, radical attack, or photolysis creates halogenated methyl radicals.
The important role of halogen compounds in stratospheric ozone depletion is well-known, especially for chlorine and bromine species. 1 Attention has also been drawn to potentially important iodine interactions with stratospheric ozone. 2 Bromine-and iodine-containing compounds, including mixed species such as CH 2 BrI, may also play roles in the tropospheric chemistry of ozone and mercury. 3, 4 Halogen compounds are employed as fire extinguishers, and CF 3 Br is notably effective as a fire suppressant. 5 However, this compound has a high ozone depletion potential. One avenue for CF 3 Br replacement is directed toward iodine compounds, which exhibit short atmospheric lifetimes with respect to photolysis.
A critical first step in quantitative modeling of atmospheric and combustion chemistry is to establish the thermochemistry of reactants and transient intermediates. While there is considerable thermochemical information available [6] [7] [8] for the lighter halogens, experimental data are sparse for bromine-and especially iodine-containing species. There are also some extraordinarily large discrepancies in the literature, which in the case of the enthalpy of formation of CI 4 exceeds 200 kJ mol -1 . [9] [10] [11] For the halomethanes, empirical estimation schemes have often been employed to complete data series. Much of the data come from equilibrium studies 12, 13 and calorimetry, where a potential challenge is attaining complete combustion, and where the heat of combustion may be a small part of the total energy release when the halogen is absorbed in solution. 14 Threshold energies for dissociative ionization, induced by electon impact 15, 16 or photoionization, 17 also yield thermochemical information. Not surprisingly there are fewer experiments on the transient halomethyl radicals R • , many based on kinetic studies of the equilibria 6 where X is a halogen. Often the activation energy in one direction must be estimated, which is a source of uncertainty. It should be noted that the work of Gutman and co-workers, who were able to measure forward and reverse rate constants directly, 18, 19 led to surprising R • + HX activation energies and reassessment of some earlier alkyl radical thermochemistry.
There have also been computational studies of some of these systems. Seetula investigated the barrier for iodomethyl reactions with HBr, and combined the results with experimental data to assess the thermochemistry. 20 Bromomethanes and bromomethyl radicals have been investigated several times. Paddison and Tschuikow-Roux applied many-body perturbation (MP4) theory with small basis sets, 21 Chandra and Uchimaru applied density functional theory, 22 and McGivern et al. applied MP2 theory with corrections to approximate results with large basis sets and coupled cluster [CCSD(T)] theory. 23 Most recently, Oren et al. applied a variation of W2 theory to these bromo compounds. 24 There has been less work with iodine-containing species: Lazarou et al. surveyed a large number of species containing up to two halogen atoms with approximate extrapolation of
CCSD(T) results to the complete basis set limit, 25 and Feller et al. extended this approach with very large basis sets and estimation of full configuration interaction for several species including CH 3 Br and CH 3 I. 26 The most recent studies have made explicit allowances for relativistic contributions to the molecular energy. 24 21, 24 As part of our research on the kinetics and thermodynamics of halocarbons important in atmospheric and flame chemistry, 27 we have utilized high level quantum mechanical methods to determine enthalpies of formation in haloalkanes, [28] [29] [30] halomethylidenes, 31 halocarbenes, 32 and chlorofluoromethyl radicals. 33 Our results were in excellent agreement with accurate experimental data, where available, and permitted estimation of formation enthalpies in systems where data either have large experimental uncertainties or are nonexistent.
To provide a set of consistent, reasonably accurate estimations of enthalpies of formation in bromo-and iodomethanes and their corresponding halomethyl radicals, required for thermodynamic and kinetic modeling of atmospheric and flame chemistry, we have extended our studies to these species. New data are presented for systems containing up to four iodine atoms, and special attention is paid to vibrational anharmonicity in the radical species. These systems are also prototypes for larger halogenated alkanes and alkyl radicals.
II. Computational Methods
Calculations were performed with the Gaussian 98 program suite. 34 The systems investigated were the eleven bromo-and iodomethanes, CH 4-n X n (X ) Br, I; n ) 1-4), and the nine bromo-, iodo-, and bromoiodomethyl radicals, CH 3- 
Geometries were optimized and vibrational frequencies computed at the QCISD/6-311G(d,p) level. This relatively high level was used both to maintain consistency with our earlier studies of the thermochemistry of halocarbons and because we wanted to use a suitable level of theory to compute the potential energy surfaces and vibrational frequencies of the inversion modes of the halomethyl radicals (vide infra). Thus, it was most appropriate to compute other vibrational frequencies at the same level. It should be noted that in larger systems where this level of calculation is too computationally intensive, lower level geometry and frequency determinations may be suitable, but their accuracy remains to be tested. Preliminary results for bromomethanes with geometries and frequencies derived at the B3LYP/6-31G(d) level are in excellent agreement with the higher level QCISD-based results here. However, accord for iodomethanes is worse, with deviations up to 9 kJ mol -1 for CI 4 . The accuracy of DFT and other low level methods has yet to be investigated for the characterization of inversion barriers in radicals.
Ab initio energies were computed by single point QCISD-(T)/6-311+G(3df,2p) calculations on the optimized structures. There was little spin contamination in any of the radical calculations as revealed by values of 〈S 2 〉 in the range 0.77-0.79 (close to the expected value of 0.75 for doublets). Further, values of the T1 diagnostic of Lee and Taylor 35 were less than 0.022 for all radicals, an indication of the validity of QCISD theory based upon a single-reference wave function.
Computed frequencies were scaled by the factor 0.955, which has been found to yield excellent agreement with experiment in earlier studies. 32, 33 Hay-Wadt relativistic effective core potentials (ECPs) 36 were used to represent the [Ar] core and 3d orbitals in bromine, and the [Kr] core and 4d orbitals in iodine, and to allow partly for relativistic effects. To test the effect of using ECPs on the computed frequencies, calculations were also performed on the bromomethanes using an all-electron basis. The values were generally within 0-3 cm -1 (and in no cases greater than 10 cm -1 different ) of the frequencies using the ECP. For the mixed halomethane, CH 2 BrI, switching to an all-electron basis changed the frequency by at most 4 cm -1 .
The optimized structures and scaled frequencies for the halomethanes and halomethyl radicals are contained in Tables  1 and 2 , respectively, together with experimental data, where available. Values of the inertia products, required for statistical mechanical calculation of the rotational contributions to thermodynamic properties, are given in the last column of Table 1 .
To characterize the anharmonic "umbrella" modes in the halomethyl radicals, relaxed scans at the QCISD/6-311G(d,p) level were performed on the relevant coordinates corresponding to this vibration.
III. Results and Discussion
A. Geometries and Vibrational Frequencies. Computed bond lengths and angles in the halomethanes and halomethyl radicals are presented in Table 1 , together with available experimental data on the former species. 8, 9, 37 To the authors' knowledge, no geometries have been reported for the radicals to date. The agreement of calculated geometric parameters with experiment is good, with bond lengths accurate to within 0.01-0.03 Å (computed lengths are higher) and bond angles to within 1°.
To characterize the degree of deviation from planarity in the radicals, the sum of the three angles about the central carbon (∑θ I ) is tabulated in Table 1B . One expects this parameter to lie in the range 328.4°(tetrahedral) e ∑θ I e 360°(planar). As observed in the table, all values are g353°, indicating nearplanar structures. This is not surprising since, as shown in our earlier chlorofluoromethyl radical study, 33 the degree of pyramidalization is approximately proportional to the sum of substituent electronegativities, which are much lower for the heavier halogens studied here.
It is well established that ab initio vibrational frequencies, even those derived via correlated methods, are generally higher than experimental results, due primarily to the neglect of vibrational anharmonicity. In earlier studies on halocarbenes 32 and chlorofluoromethyl radicals, 33 it was found that application of a scale factor of 0.955 to QCISD/6-311G(d,p) frequencies yielded excellent agreement with experiment. We therefore applied the same scale factor to our computed results for the systems studied here. The results, together with available measured frequencies, 9,10,38-46 are displayed in Table 2 .
One may observe from the table that agreement between theory and experiment on the halomethanes (Table 2A) is excellent. The mean error of the computed frequencies is only +3.0 cm -1 , indicating that the scale factor developed in our earlier work 32 extends well to the current study. The mean absolute deviation is 14.0 cm -1 . One also finds comparatively good agreement with the limited data on the halomethyl radicals (Table 2B) for all vibrations except a single low-frequency mode, assigned to the "umbrella" (OPLA: out-of-plane large amplitude) vibration. With the exception of the umbrella modes, the mean absolute deviation is 18.4 cm -1 .
It is well established that harmonic calculations on the umbrella (or inversion) mode in CH 3 yield very poor results (∼200 cm -1 below experiment), and we found similar deviations in our recent chlorofluoromethyl radical study, 33 as well as in this work for the two radicals (CH 2 Br and CH 2 I) for which experimental umbrella frequencies have been reported. Following our recent work, we performed relaxed QCISD/6-311G-(d,p) scans along the inversion coordinate, and the potentials were fit with an eighth order even polynomial out to energies about 25 kJ mol -1 above the minimum. The Schrödinger equation was then solved numerically by using the FGH method of Balint-Kurti and Martson 47 as implemented by Johnson 48 to obtain the energy levels and, thus, the anharmonic frequencies.
Contained in Table 3 is a comparison of the anharmonic frequencies with values obtained from the standard harmonic analysis. As found in the earlier chlorofluoromethyl study, one observes that values of ν Umb (Anharm) are vastly different from ν Umb (Harm) values and much closer to experiment in the two halomethyl radicals for which experimental frequencies are available.
Also contained in the table are the corrections to the ZPE and thermal contributions to the enthalpy (required for calculation of ∆ f H°2 98 ), as well as the potential fit parameters, the estimated reduced masses, and the computed barrier heights. One notes that the inversion barrier heights are low, below 4 kJ mol -1 , as would be expected for nearly planar systems.
The CH 2 I radical provides a clear example of errors involved in assuming a harmonic potential for the inversion modes. The calculated harmonic frequency of 21 cm -1 for out-of-plane motion is in extremely poor accord with the measured value of 375 cm -1 (Table 2B ) but the simple anharmonic treatment here yields an improved value of 335 cm -1 . The thermochemical significance of anharmonicity is not restricted to an apparent error of 1 / 2 (21-375) cm -1 ) -177 cm -1 or -2.1 kJ mol -1 in ZPE. First, the lowest energy level is not at half the spacing between the first and second levels, and so the ZPE error is reduced to -1.4 kJ mol -1 . Compared to an anharmonic analysis with the parameters in Table 3 , harmonic calculations of entropy and heat capacity for the umbrella mode at 298 K are in error by 22.6 and 2.8 J K -1 mol -1 , respectively, and the integrated heat capacity to 298 K is in error by +1.5 kJ mol -1 . At room temperature this error in H 298 -H 0 fortuitously cancels with the ZPE error in ∆ f H°2 98 , but this will not be the case in general. 
l The notation Umb indicates that the mode has been assigned to the "umbrella" vibration.
Such errors are likely to increase as the temperature is raised, and become significant when accuracies in the subkilocalorie range are sought. 24 To better understand the nature of the errors involved in using a harmonic approximation to characterize the umbrella vibration in halomethyl radicals, it is illustrative to view plots of the potential energy as a function of the inversion coordinate and the computed vibrational levels. These are displayed for CH 2 I and CBr 2 I in Figure 1 . One can see from Figure 1A that the inversion potential in CH 2 I is actually closer to a purely quartic function than to a parabola. Indeed, the harmonic potential corresponding to the computed harmonic frequency is virtually a flat horizontal line in the figure, reflecting the near-zero curvature of the actual potential in the planar conformation (x ) 0). The anharmonic vibrational levels are not only much greater than predicted by a harmonic potential, but the spacing between levels is seen to increase with quantum number.
A very different situation is found for CBr 2 I (Figure 1B ), which exhibits a double-well potential with a small, but nonnegligible barrier in the planar conformation. As one expects, the two lowest vibrational levels are a nearly degenerate doublet, and the doublet structure may still be observed in the next pair of levels. In this radical, the harmonic potential determined at the bottom of either well is seen to have a greater curvature (and higher level spacing). This yields higher frequencies than the pattern obtained from the actual inversion potential because it does not reflect the asymmetry resulting from the finite barrier.
It is important to note from the irregular vibrational energy patterns found for these and other radicals that it is not sufficient simply to use the corrected anharmonic frequency (spacing between the first two levels) to compute the vibrational contributions to the enthalpy, entropy, heat capacity, and other quantities using formulas derived from the harmonic oscillator approximation. Rather, it is necessary to use the actual vibrational partition function to calculate thermodynamic properties. Our tabulated anharmonic potentials are valid up to energies of 25 kJ mol -1 and it is important not to exceed this range if determining energy levels for use at other temperatures.
B. Enthalpies of Formation. Reported data on a series of bromo-and iodomethanes and analogous halomethyl radicals, taken from critical reviews 6-10,49,50 and individual investigations, [14] [15] [16] [17] 20, [51] [52] [53] are contained in Table 4 (together with computed results). To the authors' knowledge, with one exception, 17 there have been no experimental enthalpies reported for the mixed bromoiodomethanes.
Among the halomethanes, one observes that there is close agreement between the multiple determinations of ∆ f H°for CH 3 f Reduced moment of inertia in amu Å 2 ; x coordinate is angle in radians. g Barrier height from the difference between planar and equilibrium QCISD/6-311G(d,p) energies. There are small differences between these barriers and those derived from the fit parameters. Potential energy surface and vibrational levels of the umbrella mode. Energies given relative to minimum: (A) the CH2I-inversion coordinate is the angle between the CI bond and the CH2 plane (in radians); (B) the CBr2I-inversion coordinate is the distance of the carbon atom from the Br2I plane (in Å). Energies are from the relaxed scan of the inversion coordinate. Symbols: solid curve, eighth order parametric fit; dashed line, parabolic potential that yields the computed harmonic frequencies (Table 3) ; horizontal lines, computed vibrational energy levels.
of the experimental enthalpies of the radicals CH 2 Br and CH 2 I are in very good agreement with each other, for the heavier radicals the results are sparse and deviate widely.
Although it is well established that direct calculation of enthalpies of formation of haloalkanes from quantum mechanical atomization energies is often subject to unacceptably high systematic errors, these errors can be eliminated via use of isodesmic reactions, 54, 55 together with accurately known enthalpies of suitable reference compounds. Earlier calculations in our laboratories on bromo-and iodomethylidenes, 31 carbenes, 32 and chlorofluoromethyl radicals 33 at the QCISD(T)/6-311+G(3df,2p)//QCISD/6-311G(d,p) level have yielded excellent agreement with experimental data for those species where accurately measured enthalpies are available.
To determine enthalpies of formation of the halomethanes, we used computed enthalpies for isodesmic reactions of the form Values of ∆ f H°of the radicals were determined from equations of the type Reference enthalpies of formation of CH 4 , CH 3 Br, and CH 3 I were taken from ref 7, and for CH 3 from ref 56. For the radicals, the anharmonic umbrella mode data (Table 3) were included in the thermal corrections. These isodesmic reactions have the advantage of partial cancellation with respect to deficiencies in basis set size and completeness of the treatment of electron correlation. Furthermore, errors in vibrational treatments also tend to cancel, as do relativistic effects. For example, the scalarrelativistic terms calculated by Lazarou et al. reached 6 kJ mol -1 per halogen atom. 25 Their contribution to the overall energy change of reaction 3 for CH 2 I 2 is reduced to -2.7 kJ mol -1 , and is reduced to -1.7 kJ mol -1 for reaction 4 with CH 2 I. As will be seen below, application of such isodesmic reactions enabled Paddison and Tschuikow-Roux to obtain fairly high quality thermochemistry from modest MP4/6-31G(d,p) calculations. 21 The ab initio energies, together with computed enthalpies, ∆ f H°2 98 (cal), are contained in Table 4 . The calculated data are also plotted (filled circles and solid lines) in Figure 2 Figure 2C ,D]. Because all experimental measurements on these species are closely clustered (Table 4) , we have included only the reference values used in the isodesmic calculations. 7, 56 (i) Bromomethanes. As may be seen in Figure 2A , the enthalpies of formation of bromomethanes fall into two groups, "high" values preferred by Papina et al. 50 and Gurvich and Alcock 7 and "low" values proposed by Bickerton et al. 14 and Kudchadker and Kudchadker. 9,10 Like previous calculations, 21, 24 our results are more consistent with the "high" values, although somewhat lower. In the case of CBr 4 the "high" values are 116.0 ( 3.9 and 120.0 ( 15.0 kJ mol -1 , respectively, while we compute 110.6 kJ mol -1 . This molecule is important because it anchors the contrasting interpolation schemes of Papina et al. 50 and Bickerton et al., 14 where the latter authors use 83.9( 3.4 kJ mol -1 . The JANAF tables 8 give an even lower value of 50.2 kJ mol -1 , which must be in error. Our calculated value lies between contradictory earlier calculations of 119.2 ( 4.2 and 105.6 ( 3.3 kJ mol -1 , where presumably at least one set of error limits has been underestimated. 21, 24 "Experimental" data for the remaining bromomethanes, CHBr 3 and CH 2 Br 2 , are 
essentially interpolated between CH 3 Br and CBr 4 , and again we find our results support the "higher" estimation scheme of Papina et al. 50 For CHBr 3 we compute 51.6 kJ mol -1 , which compares well with values from Oren et al. 24 25 yielded -41.6 kJ mol -1 .
(ii) Iodomethanes. As may be seen in Figure 2B there is general accord between earlier experimental values for CH 2 I 2 , whereas our calculation of 108.1 kJ mol -1 lies about 10 kJ mol -1 lower. While this paper was in preparation the photoionization results of Lago et al. 17 appeared in print, and their value of 107.5 ( 4.5 kJ mol -1 closely supports our calculations. The computational result of Lazarou et al. 25 of 99.3 kJ mol -1 is a further 8 kJ mol -1 lower. However, these authors also underestimated the enthalpy of CH 3 I at 8.0 kJ mol -1 , cf. our reference value of 14.4 ( 0.5 kJ mol -1 . 7 Even the more sophisticated calculations of Feller et al. 26 for CH 3 I are approximately 3.7 kJ mol -1 too small, indicating that high-accuracy CCSD(T)-based complete basis set extrapolations remain a challenge for these iodine species. Our data for CHI 3 support the Kudchadker and Kudchadker 9,10 estimate over the calorimetric value from Carson et al., despite the high accuracy claimed. 11 We also disagree with their value for CI 4 by about -150 kJ mol -1 , and suggest there may be unrecognized difficulties with calorimetry for these highly substituted iodomethanes. For this species our enthalpy is 53 kJ mol -1 above the extrapolation by Kudchadker and Kudchadker. 9, 10 In the absence of unequivocal measurements it is hard to prove our estimates are the most accurate, but we note first that the trend of our enthalpies shown in Figure 2B indicates similar increments per C-I bond unlike the other data sets where CI 4 is either more or less stable than expected from extrapolation from the less substituted species. Second, in the one case where new, high-quality experimental data are available (CH 2 I 2 ) our calculations are in excellent agreement. While an unfavorable steric interaction might be expected for four iodine atoms around one carbon atom (qualitatively consistent with Carson's data rather than Kudchadker and Kudchadker's), such repulsions are of course included in our own calculations.
(iii) Bromomethyl Radicals. Computed enthalpies for CH 2 Br by Lazarou et al. 25 and by Paddison and Tschuikow-Roux, 21 165.5 and 174.2 ( 1.7 kJ mol -1 , respectively, bracket experi- mental values (see Table 4 and Figure 2C ). Our value of 166.6 kJ mol -1 also lies in this range. A trend is that the newer determinations are somewhat lower, and closer to our calculation. A similar trend applies to the CHBr 2 data, although the value of 227.3 kJ mol -1 is clearly too high. 6 Our computed enthalpy of 191.7 kJ mol -1 is up to 6 kJ mol -1 higher than the most recent measurements, 15 21, 24 (iV) Iodomethyl Radicals. Our value of 217.2 kJ mol -1 for CH 2 I is close to the electron impact result of de Corpo et al., 16 but about 12 kJ mol -1 smaller than other experimental determinations (see Table 4 and Figure 2D ). It is supported also by the calculation of Lazarou et al., 25 who obtained 217.8 kJ mol -1 . Our enthalpy of 290.4 kJ mol -1 for CHI 2 is about 44 kJ mol -1 below the recommendation of Golden et al. 6 but again is supported by the result of 284.5 kJ mol -1 by Lazarou et al. 25 There is a systematic deviation between our results and those of Seetula. 20 He measured the activation energy for CH 2 I + HBr ) CH 3 I + Br and computed the reverse barrier height using MP2 theory. The difference yields the thermochemistry. While this approach appears to work well for CH 2 I, we would argue that MP2 theory generally cannot be relied on for accurate barrier heights, and that the energy computed at a minimum on the potential energy surface is likely to be more reliable than the energy of a transition state. Furthermore, for CHI 2 and CI 3 the activation energies in the forward direction were themselves estimated empirically, and then the resulting thermochemistry was combined with data from Carson et al. 11 (which may be suspect as noted above in subsection iii) to obtain the enthalpy of formation of the radicals.
(V) Mixed Bromine and Iodine Species. Few experimental data are available for the mixed species so both Kudchadker and Kudchadker 45 Table 4 can be used to derive a wealth of carbon-hydrogen and carbon-halogen bond strengths. Here we focus on C-H bonds and list the results for D 298 in the same table. These were obtained from the computed enthalpies of formation of methane and the corresponding methyl radical and the experimental value for an H atom (218.0 kJ mol -1 ). 8 The data reveal a consistent trend of C-H bond weakening with increasing Br or I substitution. Figure 3 indicates that the number of halogen atoms is more important than their nature, and the trend line drawn corresponds to a weakening of 18.3 kJ mol -1 per halogen atom. The di-and trisubstituted methanes have a slightly greater effect for iodine rather than bromine substitution. Although the electronegative halogen atoms might be expected to destabilize the electron-deficient methyl radicals through σ withdrawal, one interpretation is that this is more than overcome by π donation to the half-occupied p orbital on carbon, leading to stabilization of the radicals.
Seetula measured D 298 (CH 2 Br-H) of 427.2 ( 2.4 kJ mol -1 . 57 Bond dissociation enthalpies in the bromomethanes have also been the target of past computational studies. Espinosa-Garcia and Dobe 58 applied a variety of methods and concluded that D 298 (CH 2 Br-H) ) 425.5 ( 5.9 kJ mol -1 . Chandra and Uchimaru applied density functional theory, and their highest level, (RO)B3LYP/6-311++G(3df,2p), yielded 422.2, 405.0, and 386.6 kJ mol -1 for CH 3 Br, CH 2 Br 2 , and CHBr 3 , respectively. 22 These values are in close accord with ours. McGivern et al. applied additive corrections to MP2/cc-pVtz results to extend the basis set to cc-pV5z and the correlation treatment to CCSD(T). 23 They obtained 413.8, 402.9, and 389.9 kJ mol -1 for the bromomethane series. Their result for D 298 (CH 2 Br-H) seems about 7 kJ mol -1 too low (a larger discrepancy from experiment was reported in their work 23 ) and implies a less consistent variation of D 298 with increasing Br substitution. Their values for the more substituted bromomethanes are in better accord with our recommendations (Table 4) . We employed isodesmic rather than direct dissociation reactions to estimate the relevant energy changes, because they are expected to converge quickly with respect to basis set size, leading to higher computational efficiency and greater accuracy.
(Vii) Confidence InterVals. Previously we have proposed uncertainties from 4 to 10 kJ mol -1 , depending on the species, for the formation enthalpies of halogenated methylidynes, carbenes, and lighter methanes and methyl radicals. Our predictions for bromine-containing 2 and 3 atom species have been confirmed within these limits by the more sophisticated calculations of Oren et al. 24 Here, approximate confidence intervals which are consistent with the higher quality experimental determinations and prior calculations are (3 kJ mol -1 per heavy halogen atom. These error limits encompass the likely influence of neglected relativistic effects as well. 
IV. Conclusions
Enthalpies of formation have been computed for bromineand iodine-containing methanes and methyl radicals, based on QCISD(T)/6-311+G(3df,2p) calculations with Hay-Wadt effective core potentials combined with isodesmic reactions. Geometries and frequencies were obtained via QCISD/6-311G-(d,p) theory, with a special focus on the anharmonic umbrella modes of the substituted methyl radicals. It is proposed that, until further accurate experiments resolve some of the large discrepancies in enthalpies of formation on bromo-and iodomethanes and methyl radicals, values for the formation enthalpies obtained in this study furnish a consistent set of good estimates for the thermodynamic and kinetic modeling of these species.
